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ABSTRACT

By identifying individual tropical cloud clusters in eight months of the International Satellite Cloud Climatology
Project data, the size distribution, average cloud properties, and their variation with system size in tropical
convective systems (CS) is examined. The geographic distribution of CS shows a concentration over land areas
in the summer hemisphere with little seasonal variation except for the major shift of location into the summer
hemisphere. When the tropics are considered as a whole or a region is considered over a whole season, CS of
all sizes (from individual convective towers at 2-20 km to the largest mesoscale systems at 200-2000 km) form
a continuous size distribution where the area covered by the clouds in each size range is approximately the
same. Land CS show a small excess of the smallest CS and a small deficit of the largest CS in comparison to
ocean CS. Average CS cloud properties suggest two major cloud types: one with lower cloud-top pressures and
much higher optical thicknesses, associated with deep convection, and one with higher cloud-top pressures and
lower optical thicknesses, associated with the mesoscale stratiform anvil clouds. The anvil cloud properties show
some evidence of a further division into optically thicker and thinner parts. The average properties of these
clouds vary in a correlated fashion such that a larger horizontal extent of the convective system cloud is accom-
panied by a lower convective cloud-top pressure, larger anvil cloud size, and larger anvil cloud optical thickness.
These structural properties and their diurnal variation also suggest that the smallest CS may represent a mixture
of the formative and dissipating stages of CS, while the medium and large sizes are, principally, the mature
stage. A radiative transfer model is used to evaluate the local radiative effects of CS with average cloud properties.
The results imply that the mesoscale anvil cloud reinforces the diabatic heating of the atmosphere by the
convection and may help sustain these systems at night. The radiative effects of the convective clouds, while
unimportant to the total effect of the CS at the top of the atmosphere, may reinforce the diurnal variation of
convection. Evaluating the radiative feedback of tropical cloudiness on climate is shown to be very difficult
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because of the significant diurnal and geographic variations of convective system cloud properties.

1. Introduction

Both weather and climate changes depend on how
tropical moist convection, with mass motions extend-
ing over nearly the whole troposphere, mediates the
transfer into the atmosphere of the solar radiation ab-
sorbed by the surface. Averaged over the whole tropics,
surface heating by solar [shortwave (SW)] radiation is
balanced primarily by evaporative cooling (more so
over oceans than land ), though there are contributions
from terrestrial [longwave (L W)] radiative cooling and
sensible heat exchanges (more so over land than
ocean). The atmosphere is primarily heated by LW
radiation from the surface (absorbed by the water va-
por) and by Jatent heating (when precipitation forms),
and cools by LW radiation to space. The tropical con-
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vective systems that produce most of the precipitation
are also responsible for the transport of water vapor
into the upper tropical troposphere and for the for-
mation of tropical cloudiness, both of which modulate
the radiative heating and cooling rates of both the sur-
face and the atmosphere. Thus, “deep convection” is
central in the exchanges of radiative and latent energy
in the tropics that determine the state and circulation
of the atmosphere.

Individual convective cells (we will refer to these by
their classical cloud-type designation, Cb) are about
2-20 km in size and produce a characteristic “cumu-
lonimbus™” cloud, ‘“cumulus tower,” or *“thunder-
storm.” [See Scorer (1977) for description of cloud
formations.] Much of what we know about convection
comes from studies of individual examples observed
in a series of projects, such as the Thunderstorm Project
(Byers and Braham 1949), GARP (Global Atmo-
spheric Research Program) Atlantic Tropical Experi-
ment (GATE, see Leary and Houze 1979; Houze and
Betts 1981; Johnson and Houze 1987), Cooperative
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Convection Precipitation Experiment [CCOPE, see
Hobbs (1978) and references in Parsons and Hobbs
(1983)], High Plains Experiment (HIPLEX, Leary and
Rappaport 1987), and Taiwan Area Mesoscale Ex-
periment (TAMEX, Akaeda et al. 1991). These studies
have shown that the smaller-scale (<60 km), shorter-
lived (<4 h) weather systems develop when conditional
static instability of the atmosphere is produced by ra-
diative heating gradients, surface heat fluxes, and/or
large-scale motions. The properties of these smaller
systems (updraft strength, vertical extent, rain pro-
duction, net vertical transports) are all strongly con-
trolled by the larger-scale environment.

Rather than a random spatial arrangement, however,
convection often seems to cluster at scales of 20-200
km or to occur in more organized mesoscale (200-
2000 km) systems, observed in GATE (Houze 1977,
1982; Frank 1978; Leary and Houze 1979; Gamache
and Houze 1982; Johnson 1984), winter Monsoon
Experiment (MONEX ) (Webster and Stephens 1980;
Churchill and Houze 1984 ), Australian Monsoon Ex-
periment (AMEX, Holland et al. 1986), TAMEX
(Jorgensen and LeMone 1989; Johnson and Bresch
1991), and more recently Equatorial Mesoscale Ex-
periment (EMEX, Webster and Houze 1991), for ex-
ample. At least two styles of organization have been
recognized: squall-line or frontal convective systems,
characterized by a linear array of convective cells (e.g.,
Houze 1977, Houze and Betts 1981; Johnson and
Houze 1987), and midlatitude mesoscale convective
complexes, characterized by a less-organized arrange-
ment of convective cells within the system (Maddox
1980; Velasco and Fritsch 1987; Miller and Fritsch
1991). Some authors have discussed nonsquall types
of tropical systems under a variety of other names,
such as “convective cloud clusters” (e.g., Leary and
Houze 1979; Churchill and Houze 1984; Tollerud and
Esbensen 1985; Esbensen et al. 1988). In addition,
there are tropical storms that sometimes develop into
hurricanes/typhoons, both of which include significant
convective components (e.g., Jorgensen et al. 1985).

Although there seem to be many different conditions
that favor mesoscale organization (Houze 1989; Cotton
and Anthes 1989), a key feature appears to be relatively
strong low-level convergence, which precedes the for-
mation of tropical CS by several hours (Frank 1978)
and is often associated with wave perturbations at
meso- to synoptic scales. However, the larger-scale ver-
tical motions are usually too small to trigger convec-
tion, directly (Cotton and Anthes 1989). In the case
of squall-line convection, strong frontal character or-
ganizes the supply of warm, moist air from ahead of
the system into the embedded convective cells that are
arranged in parallel lines along the leading edge of the
system. Strong vertical wind shear in the environment
separates the convective updrafts and downdrafts, so
that stronger, larger-scale motions are possible (e.g.,
Houze 1989; Weisman 1992). Lifetimes of whole sys-
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tems (6-18 h) exceed that of individual Cb. In the case
of midlatitude mesoscale convective complexes, a low-
level jet, in an otherwise weak flow regime, supplies
warm, moist air from behind the system into the
embedded convective motions that reinforce a meso-
scale warm-core vortex (Maddox 1983; Cotton et al.
1989). These systems attain sizes of 200-2000 km and
sufficient dynamic stability to last 10-20 h, occasionally
lasting a couple of days (Velasco and Fritsch 1987).
All mesoscale systems have different phase velocities
than the initiating disturbance: squall lines propagate
faster than the easterly waves over Africa (Payne and
McGarry 1977) and midlatitude mesoscale convective
complexes move away from the initial large-scale forc-
ing (Maddox 1980, 1983; Cotton et al. 1989).

All of these convective systems have generally been
studied as distinct phenomena, though they all involve
substantial deep, moist convective motions at scales of
2-20 km that produce the most intense precipitation.
The larger systems resemble each other in key ways:
more than half of the total rainfall is produced by con-
vection (Houze 1977; Gamache and Houze 1983;
Houze 1989) and convection supplies almost three-
quarters of the water in an associated, larger area [about
80% of the total, Houze (1982) and Johnson (1984)]
stratiform cloud that has its own, weaker circulations
(Houze and Hobbs 1982; Gamache and Houze 1983;
Miller and. Fritsch 1991). Most systems are associated
with strong environmental wind shear or significant
jets, along with large-scale, horizontal gradients of
moisture and temperature that create the conditional
instability.

Despite the large number of projects and case studies,
we have not yet surveyed the range and systematic
variations of the properties of all convective systems
occurring in the atmosphere nor the relative popula-
tions of each type of system. We also lack a complete
understanding of why convection occasionally trans-
forms into mesoscale systems (cf. McAnelly and Cotton
1992). Although satellites provide the viewpoint for
such a survey, most satellite studies of tropical con-
vection have used only space-time-averaged radiances
or “outgoing longwave radiation” that mix the effects
of all high clouds and eliminate any information about
cloud structure and evolution. Midlatitude mesoscale
convective complexes were first identified in geosta-
tionary satellite images (Maddox 1980). Subsequent
surveys used the satellite data to identify and track the
motions of these systems (Maddox et al. 1981; Maddox
1983; Velasco and Fritsch 1987; Miller and Fritsch
1991). A reduced resolution Meteosat dataset, pro-
duced by the International Satellite Cloud Climatology
Project (ISCCP), was used to survey squall-line con-
vection over tropical Africa and the tropical Atlantic
Ocean (Desbois et al. 1988; Duvel 1990). Fu et al.
(1990) showed that satellite radiance measurements
could be used to identify more than one type of tropical
cloudiness. In particular, the optically thicker clouds
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produced by convection can be separated from the op-
tically thinner stratiform and cirrus clouds. This ap-
proach has been used to collect statistics on cloud types
defined by their top pressure and optical thickness in
the ongoing International Satellite Cloud Climatology
Project (Rossow and Schiffer 1991).

This study is motivated by recent results from ex-
amining the size distribution of all tropical high cloud
systems, together, over Africa and the Atlantic, which
show that it is proportional to R %, where R is the
radius of a circle with the same area as the high-level
clouds (Machado et al. 1992). Moreover, the average
cloud-top height of these systems increases systemati-
cally with the size of the system. The distribution shape
appears stable if statistics are collected over sufficiently
large regions and time periods but differs somewhat
between land and ocean. There is also noticeable diur-
nal variation in the size spectrum: over land diurnal
variations occur at all sizes, while over ocean variations
are important only at the larger sizes.

The purposes of this study are to

1) extend earlier studies of the CS size distribution
to the whole tropics and other seasons,

2) search for other systematic variations of the
physical properties of CS with size,

3) describe the structures of CS, and

4) estimate the radiative effects of the variations of
CS cloud properties.

In this paper we will refer to all tropical high cloud
systems as CS [see chapter 10 in Cotton and Anthes
(1989) for an excellent review] to indicate that we are
including the smaller individual deep convective
plumes as well as larger mesoscale convective systems
(MCS, e.g., Houze 1989). In section 2 we describe the
data used and the method of analysis. In section 3 we
present the results of a survey of CS over the whole
tropics (+30° latitude), with the exception of the In-
dian Ocean sector, for January-February and July-
August in 1987 and 1988. In section 4 we estimate the
radiative effects of the CS variations discussed in section
3. In section 5 we propose a way to understand these
results in terms of the life cycle of mesoscale systems.
Section 6 presents a summary.

2. Data and analysis method
a. Data from ISCCP

Two previous studies of CS over tropical Africa and
the Atlantic Ocean by Machado et al. (1992, 1993)
used visible (VIS =~ 0.7 um) and infrared (IR ~ 11
um) radiance data from the Meteosat series of weather
satellites produced by ESA (European Space Agency)
for ISCCP (Schiffer and Rossow 1983). These data are
versions of the full resolution imaging dataset sampled
to a spatial interval of about 30 km and a time interval
of 3 h, similar to the ISCCP stage B3 dataset (Schiffer
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and Rossow 1985). These studies emphasized midnight
images under summer conditions (June, July, August
1983-88) in the latitude range from 5°S to 20°N in
the Atlantic-Africa sector, though some studies of the
diurnal cycle were performed. Since variations of ra-
diances were not related to changes in the physical
properties of the clouds, the interpretation of the results
was confined to discussion of the size and the variation
with size of the system-average cloud-top temperature
(height).

In this study we use the ISCCP stage B3 data from
Meteosat, GOES, and GMS (VIS ~ 0.6 um for GOES
and GMS) to identify the cloud clusters in the whole
tropical zone and another dataset, called “stage CX
data,” to analyze the properties of the clouds. The CX
data are the pixel-by-pixel results of the ISCCP analysis,
including retrieval of cloud physical properties from
the radiances. These data are composed of the original
radiances from the stage B3 data (Schiffer and Rossow
1985), the results of the cloud detection algorithm
(Rossow and Garder 1994a), and the analysis of the
radiances by comparison to a radiative transfer model
(Rossow et al. 1991). The stage CX data have the same
space-time characteristics as the stage B3 data; namely,
they represent areas 4-8 km square that have been
sampled at 30-km and 3-h intervals. The final ISCCP
data products, stages C1 and C2 (Rossow and Schiffer
1991), represent the statistics of the stage CX data re-
duced to a spatial resolution of about 280 km (stage
C1) and to monthly averages (stage C2). Use of phys-
ical quantities retrieved from the radiances eliminates
variations associated with solar and viewing zenith an-
gle changes with time of day and season and allows for
interpretations in terms of changing cloud processes.

Validation studies of the ISCCP analysis are ongoing,
particularly those based on regional experiments such
as the First ISCCP Regional Experiment (FIRE, Cox
et al. 1987) and the International Cirrus Experiment/
European Cloud Radiation Experiment (ICE/EU-
CREX). Comparison of ISCCP cloud detections with
surface observations indicates good agreement for all
cloud types; verification of the clear-sky radiances in-
ferred in the ISCCP analysis shows that the accuracy
of the cloud detections is within 10%, random, with
only a small bias over higher-latitude land areas (Ros-
sow and Garder 1994b). The high clouds we are con-
cerned with are generally large scale, optically thick
(except for the thinner cirrus), and much colder than
the surface, so that their detection is not as difficult as
for boundary-layer clouds. Based on radiative model
sensitivity studies, Rossow et al. (1989) estimated the
uncertainty of retrieved optical thicknesses to be about
+15%; however, differences between ice-crystal and
water-droplet phase functions produce larger biases of
25%-50% in optical thickness for low values (<4) in
ice clouds (Minnis et al. 1993). The uncertainty in
high cloud-top temperatures for optically thicker clouds
is about 2 K, associated primarily with the radiance



DECEMBER 1993

measurements, but for thinner cirrus (optical thickness
less than or equal to 2), the optical thickness bias of
the ISCCP analysis will bias the inferred cloud-top
temperature warmer by about 10 K (Minnis et al.
1993). Therefore, our temperature threshold to identify
high clouds may exclude some very thin cirrus.
Results from the geostationary satellites are used to
cover nearly the whole tropics. (Insat data are not
available for the Indian Ocean sector from 40° to
100°E.) Data for January-February and July-August
1987 and 1988 are analyzed to examine the seasonal
extremes and the effects of El Nifio and La Nifia on
the CS. [See Trenberth and Branstator (1992) for dis-
cussion of the transition from El Nifio conditions in
86/87 to La Nina conditions in 1988.] Most of our
discussion emphasizes noontime results, where both
visible and infrared measurements are available; how-
ever, CS variations with time of day are also examined.

b. Analysis method

The analysis procedure is similar to that described
by Machado et al. (1992), with some minor changes,
so it is described briefly here. The analysis has five basic
steps: 1) identification of image pixels containing high-
level clouds, 2) determination of spatial clusters of such
pixels, each of which is identified as CS, 3) subdivision
of CS into two or three component types of clouds, 4)
determination of CS areas and the areas covered by
each component cloud type, and 5) collection of cloud
property statistics for the whole CS and each compo-
nent.

1) IDENTIFICATION OF IMAGE PIXELS
CONTAINING HIGH-LEVEL CLOUDS

Image pixels containing high-level clouds are iden-
tified by brightness temperatures, TIR < 245 K, day
or night. In Machado et al. (1992, 1993), a range of
thresholds from 253 to 207 K was explored, corre-
sponding (approximately) to cloud-top heights (pres-
sures) from about 8 km (550 mb) to 14.5 km (150
mb), respectively. Fu et al. (1990) examined the whole
distribution of observed radiances and found a break
in the TIR distribution between 240 and 255 K and
identified the convective part by values less than or
equal to 215 K. The TIR distribution of clouds with
visible reflectivities greater than 0.70 is concentrated
below TIR = 240 K; clouds included in the temperature
range between 240 and 267 K often have reflectances
less than 0.6. Both Fu et al. (1990) and Machado et
al. (1992) show that their results are not sensitive to
the precise TIR threshold value used. Many other
studies have used brightness temperature criteria be-
tween 240 and 255 K (the latter is equivalent to the
use of a threshold of 240 W m™2 in outgoing longwave
flux datasets) to identify “precipitating” clouds (see
Arkin and Ardanuy 1989) or convective clouds (see
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references in Fu et al. 1990). Maddox (1980) identified
mesoscale convective complexes (MCCs) as clouds
with TIR < 241 K and the convectively active parts
by TIR < 221 K. Miller and Fritsch (1991) review
various other choices of these two thresholds used
in studies of MCC: all values are within approxi-
mately 5 K.

We select a threshold of 245 K (equivalent to a
cloud-top height about 9 km or cloud-top pressure
about 450 mb) because buoyant parcels of air reaching
this level in the tropics must originate from below the
700-mb level. Such clouds are, therefore, produced di-
rectly by convective motions or by the associated me-
soscale motions in the middle troposphere that occur
in larger CS. By using TIR instead of the retrieved
cloud-top temperatures, which are corrected for the
effects of emissivities less than 1 in the daytime ISCCP
analysis, we lose some of the thinner cirrus clouds.
However, the difference in CS area inferred with cor-
rected and uncorrected cloud-top temperatures during
the daytime is less than 5%.

2) DETERMINATION OF PIXEL CLUSTERS

Clusters of pixels containing high-level clouds are
identified by testing for adjacent pixels that have passed
the threshold and for regions devoid of high-level clouds
surrounding candidate clusters on all sides by using a
technique similar to that used by Wielicki and Welch
(1986). All of these clusters are identified as CS, in-
cluding individual isolated pixels. The study by Ma-
chado et al. (1992) shows that clusters of similar size
are separated by distances that are typically 4-12 times
their radius (where the lower ratio applies at higher
temperature thresholds), whereas for a threshold of
207 K, the separation distance is 15-20 times the ra-
dius.

3) SUBDIVISION OF CS INTO COMPONENT CLOUD
TYPES

Once the cloud clusters are identified, their physical
properties are obtained from the ISCCP CX dataset.
As we show in section 3a, the shapes of the distributions
of cloud properties (ALB—cloud spherical albedo and
TC—cloud-top temperature) in the larger CS suggest
at least two different components (cf. Fu et al. 1990).
The portion of the CS with ALB > 0.70 (optical thick-
ness—TAU > 23) is identified as the deep convective
cloud, representing the equivalent of Cb embedded in
the CS. The remainder of the CS is identified as the
“mesoscale anvil cloud” (MAC). The MAC is further
divided into a thicker part, 0.50 < ALB < 0.70 (9
< TAU <= 23), and a thinner part, ALB < 0.50 (TAU
< 9). We refer to the thinner portion as the cirrus anvil
cloud (CAC) and the thicker portion as the “transition”
anvil cloud (TAC). Diurnal variations of the Cb and
the MAC components of the CS can be monitored sep-
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arately because the active convective cells produce a
characteristic dome with colder cloud-top temperatures
than the mesoscale clouds (Cotton and Anthes 1989).
Using daytime data (section 3a), we can define char-
acteristic temperature ranges for the two parts of the
CS (following Fu et al. 1990): we use TC < 215 K to
identify Cb and 245 K = TC > 215 K for MAC. In
the diurnal analysis the mesoscale cloud is not subdi-
vided.

4) AREA AND SIZE DETERMINATION

Areas of whole CS and the embedded Cb are deter-
mined by separate analyses that count the number of
image pixels composing each object and assign an area
of 30 km X 30 km to each pixel. The actual satellite
image pixel areas are 5 km X 5 km; however, uncer-
tainties in navigation limit location accuracy to about
15-30 km, so individual pixels are mapped into a grid
with a cell size of about 25-30 km in the ISCCP CX
dataset. In effect, we assume that a single pixel within
this area represents the whole area statistically. This
interpretation is valid for larger (>100 km) objects.
For smaller CS, composed of only a few pixels, this
assumption probably overestimates the size by an
amount inversely proportional to the number of pixels
in it. The smaller actual size of the image pixels means
that we can properly identify the presence of such small
CS but not measure their sizes very well. This problem
does not affect the size distributions, however, since
the smallest size category is interpreted to include all
CS sizes from O to 60 km.

The sizes of CS and Cb are represented by the radius
of an equivalent area circle, R = (4/x)"/?. The effect
of increasing (decreasing) temperature thresholds is to
increase (decrease) the values of R. Based on results
from Fu et al. (1990) and Machado et al. (1992), the
effect of varying the threshold from 230 to 267 K is to
increase the CS area by about 20%-30%, which would
change the CS radius by 10%-15%. However, the size
distributions do not change shape significantly (Ma-
chado et al. 1992), so we attach more significance to
relative comparisons of size than to the quantitative
accuracy of the sizes themselves. In any case, we find
that the natural variétion of sizes within any particular
size category of CS is larger than these uncertainties.
The CS size classes are defined by 60-km radius inter-
vals and the Cb size classes by 30-km intervals.

5). CLOUD-PROPERTY STATISTICS

The ISCCP CX data contain values of cloud optical
thickness (TAU), cloud-top temperature (TC), and
cloud-top pressure (PC) for each image pixel. Values
of TAU can also be converted to visible spherical al-
bedos (ALB), which are nearly the total albedos of the
cloud, and water path (WP, water content per unit
area). Also, the visible radiances (VIS) and cosine of
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the solar zenith angle (MUO) are available to calculate
cloud visible reflectances (Refl = VIS/MUO). These
quantities are averaged over whole CS as well as for
the component parts.

¢. Radiative flux calculations

To assess the radiative effects of the CS and their
component parts, we calculate surface and top of at-
mosphere, upwelling and downwelling, shortwave
(SW) and longwave (LW) fluxes using the radiation
code of the Goddard Institute for Space Studies climate
GCM (Hansen et al. 1983; Lacis and Oinas 1991),
which has been and is being tested as part of the In-
ternational Comparison of Radiation Codes in Climate
Models (ICRCCM) project (Ellingson and Fouquart
1991; Fouquart et al. 1991; Fels et al. 1991). The at-
mospheric properties are specified by the tropical stan-
dard atmosphere (U.S. Standard Atmosphere, 1976)
and the surface properties are inferred from the ISCCP
analyses. The average cloud properties are obtained in
this study.

Two additional assumptions are required for these
calculations: the locdtion of cloud bases and the vertical
distribution of cloud water within cloud layers. The
convective part of the CS is assumed to have a base at
900 mb near the top of the tropical boundary layer,
while the mesoscale anvil cloud is assumed to have a
base at 600 mb [e.g., Gamache and Houze (1982,
1983) use 900 mb and 650 mb]. The cloud water is
distributed proportionally to pressure within each cloud
layer.

We assess the radiative effects of the CS in two ways.
First, we calculate the actual local perturbations of ra-
diative heating—cooling rates, which might affect the
dynamics of the individual systems. Second, we scale
the local effects by the total areal coverage of such sys-
tems in the tropics and by an approximate lifetime of
1 day to estimate their effect on the large-scale circu-
lation and climate. To average the radiative effects
during one day we take into account the ocean albedo
variation with the solar zenith angle (Hansen et al.
1983) and a monthly mean diurnal variation of the
surface temperatures from ISCCP results. We also in-
vestigate the effects of diurnal variations of the CS cloud
properties and of systematic variations of CS cloud
properties with system size on inferences of the daily
mean radiative fluxes.

3. Results
a. Geographic distribution of CS

Figure 1 shows the number of tropical CS per day
identified by our analysis in 5° X 5° map cells for 1987-
88 in July—-August and January-February (hereafter,
Jul-Aug and Jan-Feb). Well-known concentrations of
convective activity are apparent with peak frequencies
greater than 10 per day occurring over land areas. The
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FIG. 1. Maps of the average number per day of convective systems occurring in 5° X 5° latitude-longitude regions in the tropics
for (a) summer (July-August 1987 and 1988) and (b) winter (January-February 1987 and 1988). Lowest contour is 2 per day.

largest of the three major peaks is over South America
and the smallest is over Indonesia. Both land peaks are
larger, and the western Pacific peak covers a larger area
in Jan-Feb. Most, but not all, of the convective activity
is located north (south) of the equator in Jul-Aug
(Jan-Feb).

The distribution of tropical cumulonimbus clouds
is described in a global, long-term cloud climatology
based on surface weather observers’ identifications of
cloud morphologies (Warren et al. 1986, 1988). The
distribution is concentrated into smaller areas over land
than over ocean: frequencies of occurrence are greater
than 10% almost everywhere over tropical oceans but
only in limited areas over land. However, the peak
frequencies over ocean rarely exceed 30%, whereas they
often exceed 40% over land. If we isolate Cb in our

results, the geographic distribution is essentially iden-
tical to that shown in Fig. 1 and very similar to the
surface observation climatology of cumulonimbus
clouds. The Warren et al. distributions differ from the
distribution in Fig. 1 in that they show more concen-
tration over the islands in the western Pacific.
Mesoscale convective complexes are more numerous
over land than ocean (Velasco and Fritsch 1987; Miller
and Fritsch 1991), suggesting that the particular con-
ditions needed to organize convective motions are more
prevalent there. Figure 1 shows that all CS are more
numerous over land than ocean. The distributions of
CS divided into three size ranges (small— R < 180 km,
medium—180 < R < 360 km, and large— R > 360
km) show the same patterns as in Fig. 1, with a con-
centration of the larger CS into narrower latitude zones.
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Notable but small differences in the distributions of
the three size ranges, compared with the total CS dis-
tributions in Fig. 1, are 1) the smallest CS appear to
be less frequent over the ocean to the west of Central
America than the larger CS, 2) the medium-sized sys-
tems are relatively more frequent in the eastern Pacific,
3) the medium and large CS seem to occur farther
from the equator than the smaller CS, and 4) the largest
CS occur much less frequently in Africa than in either
South America or the western Pacific.

b. -Tropical CS size distribution

The structural characteristics of tropical cloud clus-
ters over Africa and the Atlantic Ocean were studied
by Machado et al. (1992). Analyzing Meteosat data
from six summers (June-July-August), they found
that the cloud cluster number in a size interval, N(R),
can be approximated by a power law with an exponent
of —2. This size distribution means a nearly equal area
is covered by each radius class up to a “break radius”
where the size distribution slope becomes much steeper.
The ISCCP B3 and CX datasets are used to extend
these results to the whole tropics (except the tropical
Indian Ocean region) and to the winter season.

Figure 2 shows for each satellite region the distri-
butions of CS number and population fraction (at local
noon) as functions of CS radius, averaged over Jul-
Aug and Jan-Feb 1987-88. The CS number distri-
bution has the same slope (about —2) for all regions.
The CS number is expressed as the average number of
systems per day in 60-km size intervals within a region
defined by 30°N and 30°S and the longitude interval
for which the satellite zenith angle is less than 69°
(about 80° of longitude). The distribution of CS pop-
ulation fraction (or area fraction relative to all CS) for
the whole tropics has the same characteristics found
in the Meteosat region.

As shown more clearly in Fig. 2b, the smaller CS (R
< 180 km) and larger CS (R > 360 km) deviate some-
what from the area-conserving distribution of the me-
dium-sized CS; thus, the smaller CS cover somewhat
more area (about 40% of the total) and the larger CS
cover somewhat less area (about 26%) than the me-
dium-sized CS (about 34%). (The fractions in Fig. 2b
represent the percentiles of the total cloud fraction for
each radius class and, thus, do not give information
about the total cloud cover.) Figure 3a shows that these
deviations are larger over land than ocean. (This ex-
plains why the deviations are smaller for the GOES-
West region, which is principally oceanic.) The ocean
CS size distribution is much closer to an R 2 distri-
bution over the whole size range than the distribution
over land. We show in the following that this behavior
is related to the diurnal cycle over land: local noontime
is characterized by the beginning of a large increase in
the number of smaller cells, particularly associated with
topography, which develop into larger systems closer
to local midnight (Machado et al. 1993).
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Results are for images at local noon with January, February, July,
and August 1987 and 1988 combined.

We also observe in Fig. 2b a secondary increase in
the CS population near the 200-km size, which the
previous study of the Meteosat region showed is caused
by an enhancement of the mature stage of mesoscale
systems in the trough phase of easterly waves (Machado
et al. 1993). Although it is difficult to determine the
significance of the secondary peaks in the size distri-
butions for the other satellite regions, the similarity to
the Meteosat results suggests that CS with radii between
200 and 300 km correspond to developed mesoscale
systems over the whole tropics. Miller and Fritsch
(1991) identify a preferential size around 300 km (ef-
fective radius) for mesoscale convective complexes in
the Americas and the tropical western Pacific.

The larger CS appear more frequently in the GMS
and GOES-West regions (Fig. 2b). Nakasawa (1988)
observed larger systems (around 1000 km in diameter)
in the Pacific moving eastward, whereas the embedded
smaller-scale systems in these supercloud clusters
moved westward with the easterly waves.

Figure 3b shows the CS size distributions for Jul-
Aug and Jan-Feb. Since the actual seasonal changes
at most locations are dominated by very large latitu-
dinal shifts in the intertropical convergence zone
(ITCZ) over land and by somewhat smaller changes
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over ocean (Fig. 1), study of the seasonal variation of
convection and, in particular, the mesoscale CS is pri-
marily a study of summer meteorology. Therefore, we
consider the aggregate properties of CS over the whole
tropics, which are dominated by the summer hemi-
sphere. The differences between Jul-Aug and Jan-Feb
are dominated by the changing proportions of land
and ocean between the hemispheres rather than a
change in CS characteristics with season.

Machado et al. (1992) studied the variation of CS
size distributions among the boreal summers of 1983
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88 and found several small changes: 1) the probability
of finding at least one CS in each size class in the whole
region is most variable for the largest sizes; 2) 1984
exhibited more low-level (high TC) CS than in other
years; and 3) 1983 exhibited a lower number density
of small and medium CS than other years. In this study
we compare the distributions in an El Niiio and La
Nifia year, including the region with the most impor-
tant cloud cover changes (Pacific). Figure 3¢ shows
that the 1987 and 1988 CS size distributions in Jul-
Aug are quite similar, despite the large differences in
the location of high cloud amount and precipitation
(Janowiak and Arkin 1991). In 1988 there is a larger
relative fraction of medium-sized CS that is offset by
a smaller fraction of large CS. Similar behavior occurs
in Jan-Feb of these two years. This suggests that El
Nifio year conditions may be more favorable to the
development of larger CS than La Nifia year conditions;
however, we note that the magnitude of this difference
is not very different from the magnitude of natural
interannual variability observed in the Meteosat region
(Machado et al. 1992), so that no conclusion about
the significance of this difference is possible with this
limited dataset.

Figure 3 shows that the difference between land and
ocean CS size distributions is larger than that between
seasonal or interannual distributions. Thus, we focus
on characterizing land-ocean differences.

c. Variation of CS physical properties
1) STRUCTURE OF CS

Figure 4 shows the aggregated distributions of TC
and ALB from individual image pixels within CS of
different sizes. We examined all of the individual CS
histograms in July 1987 for the larger cluster sizes (R
> 180 km) and found that the features (e.g., multiple
maxima ) shown in Fig. 4 are not produced by a mixture
of CS cloud properties from different regions and times
but represent typical features present in most individual
CS. The TC and ALB distributions for the smallest CS
category are, however, produced by a mixture of two
different types (see the following).

The TC histogram (Fig. 4a) shows a systematic shift
in the distribution from warmer temperatures for the
smaller CS to colder temperatures for the larger CS.
The medium CS all exhibit a broad, monomodal dis-
tribution of TC with a mode value near 230 K and a
long tail out to 180 K. The TC distribution of the
smallest CS indicates a bimodal distribution: the largest
population has TC values from 225 to 245 K, but there
is a small population with TC < 200 K.

The ALB histogram (Fig. 4b) shows three distinct
maxima for all but the smallest sizes of CS and some
variation of the relative proportion of each ALB group
with CS size. The largest ALB maximum (ALB near
0.84) contains image pixels that are almost all colder
than 220 K; thus, we identify these clouds as convective
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pixels within convective cloud clusters of different radii. Results for local noontime images aggregated over January—

February and July-August 1987 and 1988.

cells (cf. Fu et al. 1990). The smallest maximum (ALB
near 0.40) generally comprises clouds that have TC
values in the range 225-245 K, whereas the clouds
with ALB near 0.65 have TC values in the range 215~
235 K. We identify these two as thinner and thicker
portions of the MAC, respectively, and refer to the
thinner part as the CAC and the thicker part as the
TAC.! Fu et al. (1990) identified cirrus anvil clouds
with 215 K < TC < 267 K. Figure 4b also shows that
the relative proportion of the three components is
nearly constant for all sizes of CS except the smallest.
In the smallest CS, the population of clouds with ALB
values near the low ALB maximum is much larger

! We use this name to indicate that this category is difficult to
separate uniguely from the cirrus and convective components; how-
ever, we believe it to be significant because the relative proportion
of this cloud type varies systematically with CS size.

than that at the other two maxima. Figure 5 shows a
schematic of different types of CS and their subdivision
into component cloud types; the following discussion
summarizes additional evidence for this model.

We can clarify the nature of the smallest CS with
Figs. 6, 7, and 8. Figure 6 shows the probability at
different local times for each size range of CS over land
and ocean to contain at least one pixel with the cloud
properties of a convective cell. To obtain a result that
takes proper account of diurnal variations, this analysis
uses only a TC threshold (TC < 215 K) at each local
time of day (Figs. 6 and 8) to identify the convective
regions (cf. Fu et al. 1990). Only about 10% of the
smallest CS (<60 km) have at least one Cb within them
for any time of the day, whereas more than 60% of the
medium and large CS over ocean and more than 80%
over land have at least one Cb. Thus, the smaller CS
are predominantly systems with no active convective
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FIG. 5. Schematic cloud structure in an average tropical convective
system in its formative, mature, and dissipating stages, illustrating
terminology used in text.

cells apparent, whereas the medium and large CS are
predominantly convectively active.

In Fig. 7 we plot the frequency distribution of the
fraction of the total CS area covered by Cb clouds (Fig.
7a) and the fraction covered by Cb and TAC, together
(Fig. 7b), as a function of the size of the total CS. In
this figure we use an albedo threshold (ALB = 0.70)
in noontime images to separate the Cb and TAC parts,
both of which have TC < 245 K. Figure 7 includes
only those CS containing at least one Cb. The distri-
bution shapes show that the smallest CS containing Cb
differ? from all the other CS containing Cb in that about

2 The large variations between frequency peaks for the smallest CS
in Fig. 7 arises from the effects of the small number (approximately
3-10) of pixels composing the CS in this category.
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25%-65% of their total area is occupied by Cb (Fig.
7a) with little TAC evident. (Combining Cb and TAC
in Fig. 7b does not change the distribution shape.) All
of the larger-sized CS exhibit the same distribution
shape, where the Cb fractional area is below about 30%
and the Cb + TAC fractional area is between 25% and
75%. Thus, we conclude that the smallest CS are of
two different types, one with no convective activity
apparent and one that appears to be the combination
of Cb and some CAC. The medium and large CS (there
are around 20% of these without deep convection ) are
generally one type of system with the same proportions
of Cb, TAC, and CAC.

The medium and large CS that do not show any
convective activity, particularly over oceans, may be
produced partly by the application of a specific ALB
threshold to identify Cb (and separate TAC from
CAC). We have used the features in Fig. 4b to define
these thresholds, but Fig. 7 suggests that the Cb and
TAC fractions occupy nearly constant proportions
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function of cloud cluster radius.
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by clouds with top temperatures less than 245 K and (a) albedo greater than 0.7 and (b) albedo greater

than 0.55 as a function of cloud cluster radius.

of all CS except the smallest, so that distinguishing
them is difficult (hence our use of the name “tran-
sition anvil” cloud). If we lower the ALB threshold
separating Cb and TAC to 0.6 (including much of
the TAC clouds in the Cb category), then land—ocean
differences nearly disappear, since almost all CS
> 180 km contain at least one Cb defined by this
lower threshold. We note that this behavior of the
results does indicate a systematic difference between
the “thicker” portions of land and ocean CS. We
return to this discussion when considering the diurnal
variations of CS.

Thus, the majority of larger CS are convectively ac-
tive systems that are composed, on average, of about
the same proportions of Cb, TAC, and CAC (Fig. 5);
but note that Fig. 7 indicates that the variations of
these proportions among individual CS are quite large.
It is only in the average sense that the structure of the
CS can be described as constant with size. Figure 8
shows the average areal fraction of the larger CS over
land and ocean that is occupied by the convective cells,
separated by local time: it is nearly constant with CS
size and is about 5% smaller for ocean CS than for land
CS on average. The nearly constant fraction of Cb
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means that the area covered by MAC, representing
about 75%-80% of the total CS area, and the whole
CS area are both proportional to the Cb area. Even the
partitioning of the anvil cloud into the thicker and
thinner parts appears to be constant with the size of
the total system.

2) AVERAGE CLOUD PROPERTIES

We analyze the noontime images to obtain average
cloud properties for the whole CS and for the Cb and
MAC components, separately. Our analysis is applied
to CS having sizes smaller than the “break radius” (360
km in Fig. 2) in order to have about the same pixel
population in each size class over the whole range. In
the figures that follow, we show cloud properties av-
eraged over CS in a size class; however, the variations
of the cloud properties of individual CS within a size
class are larger than the differences between the average
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properties of adjacent size classes, though of similar
magnitude at all sizes. The variations of TC (ALB) are
generally smaller than (similar to) the variations of
average values among individual CS. The standard de-
viations for TC and ALB for the whole dataset are 14 K
and 0.16, but are reduced by about a factor of 2 if only
CS in one season in the same year over one surface
type (land or ocean) are considered.

Figure 9 shows the variation of TC with size for the
Cb paftt, the MAC part, and the whole CS. The values
shown represent the average over all image pixels as-
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sociated with the same class size interval without regard
to their location and distribution within individual CS.
The size analysis for the Cb, which is performed sep-
arately from the whole CS size analysis, shows a vari-
ation of TC from 219 K for the smallest Cb (<30 km)
t0 206 K for the largest Cb (greater than 100 km, which
are systems with many Cbs), corresponding to a cloud-
top pressure variation of about 55 mb. This systematic
increase of cloud-top height with horizontal size of the
Cb (also in Machado et al. 1992) is consistent with
other studies that show a positive correlation between
convective vertical velocity and convective core hori-
zontal size (e.g., Zipser and LeMone 1980) and con-
vective cloud-top height (e.g., Betts 1973). In contrast
to the convective part, the mesoscale anvil TC does
not vary strongly with size (Fig. 9b); the average anvil
cloud has almost the same TC of about 228 K, regard-
less of size. This temperature corresponds to a cloud-
top pressure of about 250 mb, which coincides with
the top of the stratiform anvil convergence layer (Ga-
mache and Houze 1982). Tollerud and Esbensen
(1985), by composite analysis of GATE data, show
that the divergence at higher levels varies in strength
among the different development stages of a CS but
remains at about the same height throughout its life-
time.

Since the majority of the area of the whole CS is
composed of anvil cloud, the average value of TC for
the whole CS exhibits only a small variation with the
size, from 229 K for small systems to 222 K for larger
ones (Fig. 9c). However, this result is actually produced
by two related features: the larger Cb with colder tops
are preferentially formed in larger CS, and the proba-
bility of Cb occurrence is larger in the larger CS.

The average albedo for the Cb is nearly the same for
all sizes (Fig. 10a), because these clouds are already
so optically thick that the reflection of shortwave ra-
diation is very insensitive to any further changes in
optical thickness. (Note, however, that even a 1%
change in albedo at these values represents about a
10% change in cloud water content.) In contrast, the
MAC albedo varies with the size (Fig. 10b). The vari-
ation between the smallest and the largest MAC is as-
sociated with an increasing proportion of the thicker
TAC in the presence of active convective cells: the
smaller CS mostly lack Cb and TAC (Fig. 7). Webster
and Houze (1991), describing the EMEX project, refer
to the cloud clusters as having a convective—transition
pattern, where the transition parts correspond to the
convective cells that are undergoing a transition from
actively convective to stratiform structure. Old con-
vective cells merge into the anvil, supplying it with ice
particles and momentum ( Houze 1977). Regions with
larger ice-water contents are probably the anvil regions
that produce the bulk of the stratiform rain. The av-
erage albedo distribution for the whole CS (Fig. 10c)
also varies with size because the probability of a given
CS size to have Cb increases with size (Fig. 6).
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FI1G. 10. Same as Fig. 9 but for average cloud albedos.

3) SEASONAL AND INTERANNUAL VARIATIONS

Figures 11 and 12 compare the variations of TC and
ALB, respectively, with CS sizes between land and wa-
ter, between Jul-Aug and Jan-Feb (changes associated
with shifting geographical distribution) and between
an El Nifio (1987) and a La Nifia (1988) year. These
results are averaged over all CS, regardless of whether
they contain Cb. Some differences occur among the
different satellite regions, principally between the Pa-
cific and Atlantic-Africa sectors; however, the most
important differences are between land and ocean CS
properties. Over ocean the variation of the cloud prop-
erties with size (Figs. 11a and 12a) is larger than over
land. The smaller CS over land have colder TC than
over ocean, while the larger CS have about the same
TC over both land and ocean. The smaller CS over
land have larger ALB values than over ocean, but the
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ALB values for ocean CS increase much more with
size than over land, so that the larger ocean CS have
higher ALB values.

Figure 11b shows that the average TC values in Jul-
Aug and Jan-Feb are nearly the same for all but the
largest CS, which have slightly higher tops in Jul-Aug.
In contrast, ALB values are larger in Jul-Aug for all
CSssizes (Fig. 12b), which is explained by the changing
proportion of land and ocean CS in the two seasons
and the higher ALB values for ocean CS. El Nifio con-
ditions appear to decrease TC (increase cloud-top
heights) for larger CS (Fig. 11¢) and decrease the ALB
values for the smaller CS (Fig. 12¢) relative to La Nifia
conditions. These small differences are observed mainly
in the Pacific sector and may be associated with the

MACHADO AND ROSSOW

3247

shift of some convective activity away from islands into
the open ocean.

4) LAND-OCEAN DIFFERENCES IN CS

As with the CS size distributions, the most important
differences in the cloud properties are between land
and ocean CS (Figs. 3, 11, and 12). We examine these
differences in more detail because Fig. 12 presents a
puzzle. A number of studies have noted that convective
updrafts are much stronger over land than ocean (e.g.,
Jorgensen and LeMone 1989; Takahashi 1990), and
since updraft strength is positively correlated with
cloud-top height ( Zipser and LeMone 1980), horizon-
tal size (Betts 1973), and rainfall rate (Leary 1984),
we might expect that CS over land would have lower
TC and higher ALB (higher water contents) than CS
over ocean. While the TC values for land CS (Fig. 11a)
meet our expectation, the ALB values do not for large
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FIG. 13. Same as Fig. 4b but separated into land and ocean convective systems.

CS (Fig. 12a). However, these figures average results
from both seasons, which involves changes in geo-
graphic location of the CS. Examination of individual
seasonal results shows that land CS in the smallest three
size categories, indeed, have higher albedos than over
oceans. In addition, when we isolate the Cb and average
their properties without regard to their location within
CS of varying sizes, we find that land Cb have TC values
that are about 3 K lower (higher tops) and ALB values
that are about 2% higher than ocean Cb, consistent
with the generally stronger convective updrafts ob-
served in land convection compared with ocean con-
vection (Jorgensen and LeMone 1989; Takahashi
1990). Stephens and Greenwald (1991) suggest similar
systematic differences in CS properties from analysts
of differences in radiation budget measurements. These
results are also consistent with the change in partition-
ing between the convective and transition anvil por-
tions of CS when we change the ALB threshold between
them, which implies that there is more “intermediate”-
ALB cloud present in ocean CS than land CS. Although
the ALB difference may not seem significant, it does
represent about a 25% increase in cloud water path
going from ocean to land clouds. Moreover, since we
are examining the land Cb at the time of minimum

areal coverage (1200 LST) by this cloud type (e.g.,
Machado et al. 1993), the daily average ALB of land
Cb is probably higher than shown in our results (how-
ever, our result as it stands is more relevant for deter-
mining the radiative effects of CS). So at least the con-
vective part of the CS exhibits the expected colder TC
(higher tops) and higher ALB over land than over
ocean.

To understand whether these results are consistent
with other studies and why the larger CS over land
have lower ALB values than ocean CS, we separate the
frequency distribution of ALB values from individual
image pixels, shown in Fig. 4b, into its land and ocean
parts at noontime (Fig. 13). The land and ocean CS
exhibit distributions of TC that are very similar to that
shown in Fig. 4a, but their ALB distributions are dis-
tinctly different. Figure 13 shows that the differences
in average ALB for land and ocean Cb are associated
with different distribution shapes: there is a significantly
higher relative population of Cb with 0.90 < ALB
< 0.95 over land than ocean, even though we are ob-
serving the land Cb near the time (1200 LST) of their
minimum areal coverage (Machado et al. 1993). Also,
we can see that the differences between the TC and
ALB values of the smaller CS have much more to do
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with the fact that a larger fraction of these systems con-
tain Cb over land than over ocean than with differences
in the average values of TC and ALB for Cb. This
difference in the relative fraction of Cb occurs despite
the fact that the land convection is at its daily minimum
areal coverage while the ocean convection is near its
daily average coverage.

The differences in average properties of the larger
CS over land and ocean are caused by more complex
variations in structure. The most notable differences
are that land CS have a relatively larger proportion of
TAC and less Cb than ocean CS; however, at least the
Cb difference is probably a direct consequence of using
local noontime images to construct Fig. 13. The daily
average fraction of Cb in land CS is actually larger than
in ocean CS (Fig. 7); however, the Cb over land is a
minimum at local noon and is near its daily average
value over ocean (Machado et al. 1992). We cannot
tell whether the anvil clouds undergo a significant
diurnal cycle as well, though some studies have indi-
cated that the diurnal variability of the anvil clouds is
much less than that of the Cb clouds (Fu et al. 1990;
Miller and Fritsch 1991; Machado et al. 1993—also
see discussion in section 4b). In any case, at the noon-
time minimum of convective activity over land, our
simple ALB threshold may mistake “inactive” con-
vection for TAC. Thus, at noontime, the larger ALB
values of the larger ocean CS may be caused by a larger
relative contribution by Cb at that time of day.

5) DIURNAL VARIATIONS

The diurnal cycle of clouds is one of the most im-
portant features of tropical variability over both land
and ocean—for example, in the Atlantic and Africa
sectors (e.g., Minnis and Harrison 1984; Duvel 1989).
The convective parts of the larger CS over both land
and ocean undergo significant diurnal variations with
different phases (Miller and Fritsch 1991; Machado et
al. 1993); however, only the large CS over ocean exhibit
a diurnal variation of the mesoscale anvil cloud com-
ponent with a smaller amplitude and different phase
than the convective part (Fu et al. 1990; Machado et
al. 1992).

Figure 6a shows that the probability of a CS over
land containing at least one image pixel identified as
Cb varies little over the diurnal cycle, despite a clear
diurnal variation of the Cb amount over land with a
maximum in late afternoon. There is, however, a weak
indication that medium CS are more likely to contain
Cb at 1800 LST and that large CS are less likely to
contain Cb at 0600 LST (Fig. 6a). The CS over ocean
(Fig. 6b) exhibit slightly more variation of this prob-
ability with diurnal phase, with Cb more likely at 0600~
1200 LST for medium CS and less likely at 1200 LST
for larger CS (Fig. 7b). The fractional area occupied
by the Cb shows a similar behavior. Both of these vari-
ations could partly be the consequence of the smaller
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optical thicknesses of ocean Cb, compared to land Cb,
implied by the changed portions inferred with a dif-
ferent ALB threshold. Smaller CS over land (<240 km)
show larger Cb fraction at 1800 LST, whereas larger
CS do not show any simple diurnal variation (Fig. 8a).
Over ocean (Fig. 8b) the Cb fraction is clearly a min-
imum at 1800 LST for all sizes of CS and at a maxi-
mum at 0600 LST for almost all sizes.

4. Radiative effects of CS

We evaluate the radiative effects of the CS using their
average cloud properties and structure. These results
are not new (e.g., Chen and Cotton 1988), but we
emphasize the implications of CS variations with size,
time of day, and location. We separate all CS into three
sizes: small (R < 180 km), medium (180 < R < 360
km), and large (R > 360 km). The area of an average
CS is divided into three parts: 20% Cb, 28% TAC, and
52% CAC. The average optical properties of these three
cloud types are for Cb, PC = 208 mb, PB = 900 mb,
and TAU = 65; for TAC, PC = 262 mb, PB = 600
mb, and TAU = 23; and for CAC, PC = 262 mb, PB
= 600 mb, and TAU = 5.

a. Local effects

Using the average of the CS cloud properties shown
in Figs. 8, 9, and .10, we calculate the daily average
changes in the radiative fluxes at the top of the at-
mosphere and at the surface caused by adding 100%
CS cloud cover. The effects of the diurnal variation of
ocean surface albedo with solar zenith angle and of the
surface temperature diurnal variation are included, but
we hold the cloud properties constant over the whole
diurnal cycle. Table 1 summarizes the effects for cloud
properties averaged over all CS, as well as for the sep-
arate parts of CS clouds. Figure 14 illustrates the
changes in net flux at the top of the atmosphere for
the three size ranges of CS over land and ocean; these
results are for noontime when the decrease in solar
heating (solar—SW) is largest. The change in total net
flux ranges from about —300 to —450 W m™2, a strong
cooling. The changes in net terrestrial fluxes (LW) at
the top of the atmosphere, which are the changes in
total net flux at night, range from about +100 to +140
W m™2, a weaker heating. Thus, the changes in net SW
fluxes range from about —450 to —600 W m~2. In other

" words, the variation with CS size of the effects on the

net fluxes during the daytime results from two opposing
changes: smaller (larger) CS have higher (lower) cloud-
top temperatures—implying more (less) LW cooling—
and lower (higher) albedos—implying more (less) SW
heating. At night the larger CS allow less cooling than
smaller CS.

The relative importance of the Cb and MACs can
be estimated from the differences between the net flux
changes produced by the whole CS (called the “clus-
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TABLE 1. Summary of the daily average net radiative effects of
100% cloud cover for average convective cloud properties, as well as
the separate effects of 100% cover by average convective cell clouds,
transition anvil clouds, cirrus anvil clouds, and total anvil clouds.
To get the total anvil values from the transition and cirrus parts,
weights of 0.35 and 0.65, respectively, are used. To get the total CS
values from convective and total anvil parts, weights of 0.20 and
0.80, respectively, are used. Net flux changes are calculated with
constant cloud properties and annual mean conditions and are shown
for the surface, atmosphere, and top of atmosphere in watts per square
meter.

Change in net radiative fluxes (W m™?)

Region Cloud type Surface Atmosphere Top
Land CS —133 +98 -35
Convective —188 +71 —1i8
Mesoscale anvil —119 +104 —14
Transition anvil —164 +92 -71
Cirrus anvil -95 +111 +16
Ocean CcS —160 +96 —64
Convective —218 +65 —153
Mesoscale anvil —146 +104 —41
Transition anvil —197 +92 +105
Cirrus anvil —118 +111 =7

ter’”) and the anvil parts alone (Table 1 and Fig. 14).
Adding Cb clouds to the anvil clouds decreases the
daily mean net radiative flux (a cooling effect) by about
20-50 W m™2, but the effect on the net SW flux is
actually about twice as large. Adding Cb clouds at night
increases the net flux (a heating effect) by about 20-
50 W m~2. Thus, the larger ALB of the Cbs (Fig. 10)
is somewhat more important to the radiative effect of
the whole CS than their colder TC values (Fig. 9), but
both effects are significant. The presence of Cb, if con-
stant over the day, moderates the diurnal flux varia-
tions; the differing diurnal variations of Cb over land
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and ocean decrease and increase their moderating in-
fluence, respectively. We note that the difference in
magnitude of the fluxes among the different-sized CS
is similar in magnitude to the effect of adding Cb clouds
to the MAGCs.

The net flux change caused by CS over ocean is larger
in magnitude (stronger cooling effect) than over land.
Although some of this difference is associated with dif-
ferences between the characteristics of land and ocean
CS (Figs. 11 and 12), the most important effect is that
larger surface albedos over land reduce the SW cloud
effect. A small difference in average TC between ocean
and land CS (land TC less than ocean TC) is reinforced
by an opposite, small difference in the average ocean
and land surface temperatures (land TS greater than
ocean TS), making the change of net LW flux caused
by CS larger over land than ocean. Thus, the changes
in net fluxes caused by CS are reduced in daytime and
enhanced at night over land relative to CS over oceans.

At the surface the changes in net SW fluxes produced
by the CS are very similar in magnitude to those at the
top of the atmosphere, since atmospheric absorption
is typically only about 15-25 W m™2 (slightly larger
over the higher albedo land areas). The changes in the
net LW fluxes at the surface are, however, only about
30%-40% of the changes at the top of the atmosphere
because of the large infrared opacity of water vapor in
the tropical atmosphere. Thus, the effect of CS on the
surface net flux is larger (stronger cooling) than their
effect on the net flux at the top of the atmosphere during
daytime and smaller than their effect on the net flux
at the top of the atmosphere during nighttime.

Figures 15, 16, and 17 show vertical profiles of the
radiative heating—cooling rates at noontime calculated
for the medium-sized CS; Figs. 15 and 16 show the
separate effects of the Cb and MAC, and Fig. 17 shows

Radiative Cloud Effect
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FIG. 14. Average change in net radiative flux at the top of the atmosphere at noontime from
clear tropical conditions produced by 100% cover by small (0 < R < 180 km), medium (180
< R < 360 km), and large (R > 360 km) convective systems and by the anvil part of these

convective systems over land and ocean.
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FIG. 15. Vertical profile of radiative heating-cooling rates for the convective cell component of medium-
sized (180-360 km) convective systems, based on average cloud properties. Each panel shows the clear sky,
the cloudy sky (100% cloud cover), and the difference for (a) longwave, (b) shortwave, and (c) net heating-
cooling rates. The heating—cooling rates are calculated for noontime with an annual average solar flux for

the tropics.

the effects of the whole CS, which is a weighted average
of the Cb and MAC effects. The results for the whole
CS agree well with other diagnoses of the radiative ef-
fects of the clouds associated with CS (e.g., Stephens
et al. 1978; Webster and Stephens 1980; Johnson and
Young 1983; Houze 1989). The LW vertical flux pro-
file does not change shape significantly during the day,
so the LW results directly represent the nighttime net
effect of the CS. The SW flux changes are much smaller

when averaged over the daytime (by about a factor of
2) and smaller still when averaged over the whole day
(another factor of 2).

Although the Cb radiative effects do not contribute
much to the total effect of the larger CS, they have
interesting implications for the convective dynamics
of these systems and for the smaller CS systems that
are composed mostly of Cb. The LW heating~cooling
rates (Fig. 15a) imply a destabilization of the tropo-
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F1G. 16. Same as Fig. 15 but for the anvil cloud component of medium-sized
(180-360 km) convective systems.

sphere by radiation at night (heating near the surface
and cooling near the tropopause ), but the heating near
the top of the planetary boundary layer may actually
cut off the convection if the atmospheric temperature
can react to this net flux change over the short lifetime
of Cbs. In other words, given the finite time required
for the atmosphere to change temperature, the life cycle
of the convection may be completed before the radia-
tive effect stabilizes the lower atmosphere. Note that
in the middle troposphere the Cb eliminates the clear-
sky LW cooling. These two effects may help explain
the tendency for more convection at night over oceans
where diurnal variations of surface temperature are

small. Gray and Jacobson (1977) explain a predawn
maximum in convection by the radiative cooling rate
contrast between the CS and the surroundings. During
daytime, the tropospheric SW heating is concentrated
near cloud top (Fig. 15b), which nearly cancels the LW
cooling effect at noontime (Fig. 15¢). However, since
the SW heating and LW cooling occur at different levels
near cloud top, a 100-200-mb layer is radiatively de-
stabilized, even in the daily mean. The systematic de-
crease of TC with little change in ALB with increasing
Cb size implies stronger destabilization in larger CS.
The MAC produces a similar vertical heating-cool-
ing rate profile (Fig. 16) but with reduced magnitudes
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FiG. 17. Same as Fig. 15 but for the whole medium-

sized (180-360 km) convective system. The heating—

cooling rates for the convective cell and anvil clouds are weighted by 20% and 80%, respectively, representing

their fractional area within the convective system.

and with the LW heating shifted to higher altitude
(since cloud base is assumed to be at 600 mb). These
changes are significant since, now, the MAC acts to
destabilize the middle and upper troposphere both day
and night, but more strongly at night. Since the anvil
cloud dominates the total CS radiative effect, it is par-
ticularly significant that the total radiative heating-
cooling rate profile (Fig. 17) acts to reinforce the mid-
level warm core found in the larger CS, both day and
night. However, as the size of CS increases, the MAC
albedo increases, which decreases the net heating during
daytime. At night over land, when the convective

source of energy (heating) is diminished (Maddox
1983; Cotton et al. 1989; Miller and Fritsch 1991),
such a radiative heating profile may help sustain the
system. The magnitudes of these heating—cooling rates
(=~3-7 K day™") are about half the magnitudes of the
estimated nonradiative (mostly latent) heating pro-
duced by the convective and stratiform components
of CS (e.g., Esbensen et al. 1988; Houze 1989) and so
cannot be considered to be dynamically insignificant.

Since the large CS have lifetimes of order 10~12
h (but many systems last more than 1 day) and
their cloud properties undergo significant diurnal



3254

changes, calculation of the daily average radiative
effects of these clouds is more complicated than
what we have done here. We defer discussion of this
topic to section 5c.

b. Large-scale effects

As one estimate of the importance of CS in the ra-
diation budget of the tropics, we calculate the changes
in daily average net fluxes at the surface, in the at-
mosphere, and at the top of the atmosphere by weight-
ing the results shown in Table 1 by the actual fractional
coverage of CS and their component parts (Table 2).
Again, we hold the cloud properties constant over the
diurnal cycle. The cloud effect on the net SW fluxes at
the top of the atmosphere is roughly twice the values
shown in Table 2 because the cloud effect on net LW
fluxes is almost the same in magnitude and opposite
in sign. The changes in net LW are about a factor of
2-3 smaller at the surface than at the top of the at-
mosphere. Table 2 shows that the net effect of CS clouds
at the top of the atmosphere, when averaged over the
whole diurnal cycle with constant cloud properties, is
very close to zero but still implies a small cooling. The
net effect of CS at the surface is a larger cooling, which
implies an overall tendency to stabilize the tropical at-
mosphere. Even though the convective cloud effect on
the radiation budget of the tropics is very small on
average, the spatial distribution of CS is not uniform,
so that their radiative effects will play more of a role
in tropical dynamics than suggested by these small
numbers: the average patterns of tropical CS (Fig. 1)
produce horizontal and vertical gradients in radiative
heating and cooling that alter the mean circulation in
both the zonal and meridional directions (cf. Sohn and
Smith 1992).

5. Discussion
a. Implications of CS size distribution

Numerous analyses of deep convection and meso-
scale convective systems have produced many different
classifications (cf. Cotton and Anthes 1989) that em-
phasize differences in their organization, evolution, and
circulation regimes [e.g., squall lines, Houze (1977),
non-squall lines, Tollerud and Esbensen (1985), and
MCCs, Maddox (1980)]. Yet, a comparison of the re-
sults of these studies indicates a number of similarities
in the cloud properties, structures, and energy budgets
of all convective systems (cf. Houze and Hobbs 1982;
Houze 1989; Cotton and Anthes 1989; Miller and
Fritsch 1991).

Common features of the mesoscale forms of these
systems are 1) a small subregion (about 20% of the
total area, cf. Fig. 8) within the system encompassing
the strongest updrafts and downdrafts that have dense
clouds extending from near the top of the planetary
boundary layer to near the tropopause and produce
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TABLE 2. Summary of the daily average net radiative effects of
average convective cloud systems on the whole tropics obtained by
weighting results in Table 1 by actual cloud cover values for whole
CS and for each cloud type, separately. To get total anvil and total
cluster values, add the values for the component parts. Net flux
changes are calculated with constant cloud properties and annual
mean conditions and are shown for the surface, atmosphere, and top
of the atmosphere in watts per square meter.

Change in net radiative fluxes (W m™2)

Region Cloud type Surface Atmosphere Top
Land Cs —-11.3 +8.3 -3.0
Convective —-32 +1.2 -2.0
Mesoscale anvil -8.1 +7.1 -1.0
Transition anvil -39 +2.2 —-1.7
Cirrus anvil —4.2 +4.9 +0.7
Ocean Ccs -13.6 +8.2 —5.4
Convective -3.7 +1.1 -2.6
Mesoscale anvil -9.9 +7.1 -2.8
Transition anvil —4.7 +2.2 -2.5
Cirrus anvil 5.2 +4.9 -0.3

the peak intensity of precipitation, and 2) a larger re-
gion covered by a stratiform cloud, with a base located
in the middle troposphere, that is responsible for
around 40%-49% of the total precipitation (Houze
1977; Gamache and Houze 1983). The mesoscale anvil
cloud is principally composed of ice crystals and con-
tains a mesoscale updraft that creates only 25%—-40%
of its own condensate, the rest being supplied by the
deep convective motions (Gamache and Houze 1983).
Although we have some understanding of the causes
of smaller-scale (2-20 km) convective motions, es-
pecially those producing isolated Cbs, the reasons for
the existence of the mesoscale systems are not yet com-
pletely understood (cf. McAnelly and Cotton 1992).
The question is, Why are isolated Cbs not a sufficient
response of the atmosphere to the processes producing
convective instability in the tropical atmosphere?

Our key finding is that, although exhibiting some
variations between land and water and with time of
day, these systems appear to form a single continuous
size distribution with the number of clusters propor-
tional to R™2, when the observations are aggregated
over monthly time periods and over large portions of
the tropics. This observation implies a connection be-
tween objects that have been considered to be different,
and requires some explanation. Satellite observations,
alone, are unlikely to provide an explanation but we
examine some of the main points of possible arguments
to highlight the issues. ‘

One explanation is that all sizes of convective sys-
tems result from nonlinear turbulent dynamics acting
on the initial small-scale convective instability. The
source of energy is the release of the convective avail-
able potential energy (CAPE), at first, by many smaller
Cbs and later by the organized mesoscale systems that
evolve from the Cbs. Since the mesoscale convective
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systems are larger than the scale directly forced by con-
vective instabilities, namely, the scale of individual Cb
clouds, the cascade of energy from the supply at smaller
scales to the dissipation at larger scales could produce
an R 2 size spectrum if the atmosphere is able to attain
a near equilibrium of energy transfer between different
spatial scales. This behavior is consistent with the evo-
lution of the cloud cluster spectrum during the diurnal
cycle noted by Machado et al. (1993). In the early
afternoon, there is a large increase of cloud cover by
small clouds; the larger systems appear later near mid-
night by which time the equipartition of area covered
by the whole range of cloud cluster sizes is accom-
plished.

Since the initial forcing of convection due to surface
solar heating undergoes a strong diurnal modulation
on land, where the majority of the larger CS appears,
there may not be enough time for purely turbulent
processes to create the mesoscale-sized systems. On the
other hand, this could explain why the larger systems
occur less frequently; namely, the larger systems may
be produced only when enough small-scale convection
occurs at the same time. Once the mesoscale systems
are created, they seem able to sustain themselves over
a few diurnal cycles (e.g., Miller and Fritsch 1991),
possibly because of the radiative heating caused by the
anvil clouds. However, the energy cascade explanation
gives no clear role to the dynamical interactions and
cloud radiative and microphysical processes observed
to be occurring in and apparently modifying the or-
ganization of the mesoscale systems. Some studies have
emphasized the importance of the synoptic “precon-
ditioning” to the occurrence of these larger systems,
although the large-scale motions do not appear to be
strong enough to directly force the mesoscale motions

«(Cotton and Anthes 1989). Processes that limit the
size of CS have not been identified, but finite size could
be a consequence of a finite growth rate and continuing
interaction with the large scale, which determine how
long the conditions for growth last.

The logically opposite supposition is that the syn-
optic motions are necessary to produce the mesoscale
convective systems. This may occur because the syn-
optic-scale motions are unable to exploit the available
potential energy in a convectively unstable atmosphere,
so that the first response by the atmosphere is the small-
scale convection, but then this convection is organized
into a more efficient mesoscale motion by the synoptic
motions. In this case, synoptic-scale motions do not
trigger convection but take advantage of it as a source
of energy.

A third possibility is that the mesoscale systems result
from the operation of some new dynamic instability
that is triggered by the interaction of the convection
and synoptic motions (e.g., Leary and Houze 1979;
Raymond 1987; McAnelly and Cotton 1992). Our ra-
diation calculations indicate that dynamically signifi-
cant heating-cooling rates are produced by the clouds
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that appear to reinforce the warm-core vortex at the
center of the mesocirculation (see Chen and Cotton
1988). Latent heating or cooling have also been pro-
posed as causing mesocirculations (e.g., Zhang and
Fritsch 1987; Zhang 1992). Thus, cloud radiative and/
or latent energy feedbacks might become a new
“slower” source of energy that plays some role in ini-
tiating the next growth phase.

The problem with both of the alternative explana-
tions is that neither of them provides an explanation
of why the size distribution of all CS forms a single
continuum, which is our primary result. Further studies
of the interaction and evolution of CS of all sizes require
combining observations from satellite, surface, and in
situ instruments with dynamical models that simulate
full microphysics, radiation, and multiple convective
plumes. One key observable is whether a mesoscale CS
grows from one Cb, occasionally, or whether many
Cbs combine to form the larger system. This question
might be addressed with a satellite survey of CS that
keeps track of the history of each CS through its life-
time. The data would need a spatial and temporal res-
olution of at least 1-2 km and 30 min to identify in-
dividual Cbs and smaller CS and to study their struc-
tural development.

b. CS structures

In section 3 we discuss the variability associated with
the average cloud properties and note that the differ-
ences in average CS properties with size are relatively
small compared to the variability within each size class.
This fact may indicate that each size range contains a
mixture of different stages in the life cycle of CS. Even
if each CS size category represents a distinct life stage,
we do not know how direct the relation between size
and life stage really is. We note, however, that the CS
with any Cb in the first size class (about 10%-20% of
this size class) are composed predominantly of Cb
clouds, whereas the remaining 80%-90% are composed
solely of thinner anvil clouds. We might associate the
first type of CS with the formative (Cb only) stage and
the second type with fragments of the anvil in the dis-
sipating stage. Moreover, Fig. 6 shows that the prob-
ability of CS to occur without convection (the dissi-
pating stage) decreases as size increases, with about
15% of the larger CS over ocean lacking convective
cells and less than 10% over land. This difference may
be associated with the threshold used to define “con-
vective pixels” but may also reflect a shorter lifetime
for land CS as compared with ocean CS.

Given the aforementioned uncertainties, we identify
formative stage CS with CS in the first size class (0-
60 km) containing deep convection, dissipation stage
CS as any sized CS having no “convective pixels” (al-
bedo larger than 0.7), and mature stage CS as any larger
(R > 60 km) CS that contain convective cells ( Table
3). Future work should include a more advanced clas-
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TABLE 3. Proportion of area covered by all convective cloud systems
identified as being in the formative, mature, and dissipating stages
of their life cycle. All values are in percent.

Surface Formative Mature Dissipating
type " stage stage stage

Ocean 0.9 65.0 34.1

Land 1.3 73.4 25.3

sification based on others properties of the CS such as
the shape of the whole CS, the arrangement of Cb
within the CS, the area and partitioning of clouds
among varying optical thickness and cloud-top height
categories.

With a different definition of formative CS—for ex-
ample, CS having more than 50% of their area covered
by deep convection regardless of size—the area fraction
covered by the formative stage increases by 2.3% (for
75% deep convection, the area increases by 0.15%). If
a different definition of the mature stage CS is applied—
for example, CS having more than 5% convective pix-
els—the area fraction of CS in the mature stage de-
creases by 9.7%. If an albedo threshold of 0.8 is used
to define deep convection instead of 0.7, the mature
CS area fraction decreases by 13.0%. Based on these
definitions, about 1% of the CS cloud cover is in the
formative stage and about 30% in the dissipating stage;
the rest (about 70% ) are mature systems ( Table 3).

On average, mature CS are composed of 20% Cb
and 80% MAC. The proportion of the convective part
is a little higher (5%) when computed for the daily
mean using an infrared threshold TC < 215 K to define
deep convection. Houze (1982) and Johnson (1984)
suggested a similar partitioning of the convective cloud
area; Tao and Simpson (1989) found an 86.8% strat-
iform fraction in a model of squall lines. Despite some
sensitivity of the fractions occupied by each cloud type
to the thresholds used to separate them and the large
variability of the cloud properties, our results show that
mature stage CS, which represent the longest part of
the CS life cycle (Houze 1982), have about the same
relative fractions of convection, “transition” anvil
cloud, and cirrus anvil cloud, regardless of size. For
further discussion, we separate the MAC in mature CS
into the TAC (28% of the total CS area) and the CAC
(52% of the total area).

Houze (1977), Leary and Houze (1979), and
Akaeda et al. (1991) illustrate the cloud cluster life
cycle as viewed by radar and satellite. Their schematic
life cycle shows that as the whole CS size grows the size
of the deep convective part also increases from the for-
mative to mature stages and then exhibits a faster de-
cline from the mature to the dissipation stages. Zipser
(1978) also concluded that once the deep convection
develops strong mesoscale organization both the con-
vection and the mesoscale circulation develop together.
Zipser and LeMone (1980) found a positive correlation
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between convective vertical velocity and core diameter;
Betts (1973) found a linear relation between the cu-
mulus system size and cloud-top height. Convective
clouds with higher tops also have larger rain rates than
with lower ones (Leary 1984). Thus, a stronger updraft
implies larger horizontal size and vertical extent of the
convective system associated with more precipitation.
Our results show some of the same relations: a positive
correlation between convective cloud-top height and
convective and anvil cloud area.

Houze (1982) proposed a conceptual structure for
the evolution of these systems, where the convective
motions feed water into the stratiform part and decay,
while the stratiform part persists for a longer period.
Leary (1984) found a lag of some hours between the
convective precipitation and the development of the
stratiform precipitation in the early stages of the life
of mesoscale systems (cf. Fu et al. 1990). The stratiform
anvil cloud appears to have an important function in
the life cycle of the cloud cluster, since formation of
this part reduces water transport by the updraft in the
convective region. If this quantity of condensed water
had to rain out in the convective towers, the downdrafts
would probably quickly destroy the convection. Our
results also show a positive correlation between con-
vective cloud-top height (associated with convective
updraft strength ) and anvil cloud optical thickness (re-
lated to water content).

Leary and Houze (1979) and Houze (1982) describe
the dissipating stage as having the following character-
istics: a cessation of both active convection and strat-
iform precipitation, and slow dissolution of the strat-
iform cloud until only a few scattered fragments re-
main. We find high clouds without convection mostly
in the smaller size ranges but about 10% of even the
largest cloud systems lack convection.

We propose that the relationships diagnosed from
these radar and aircraft studies (cf. Houze 1989) ex-
plain the correlations between the size and other prop-
erties of the CS that we observe, if we postulate that a
CS will appear in different parts of the size distribution
as it goes through its development and decay with
changing fractions of convective and stratiform cloud
parts. Thus, we have interpreted the structures of dif-
ferent-sized CS using the scheme shown in Fig. 5.

¢. Cloud radiative effects

The CS cloud radiative effects, calculated with cloud
properties that are constant all day, were relatively
small at the top of the atmosphere; however, this nearly
zero effect is misleading because it is composed of
nearly canceling heating and cooling effects that occur
at distinctly different levels in the tropical atmosphere.
The general effects of surface cooling and atmospheric
heating can decrease shallow convection and have an
important cooling effect on the climate, for example.
The cooling effect is larger over oceans than land be-
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cause of the difference in surface albedo. The vertical
profiles of the radiative heating and cooling suggest
that the cloud radiative effects may be important to
the mesoscale dynamics of these systems (cf. Chen and
Cotton 1988), which in turn may affect the larger at-
mospheric circulation. The mesoscale anvil radiative
effect acts to destabilize the middle atmosphere, rein-
forcing the mesoscale circulation, which in turn en-
courages more convection.

Our discussion of the radiative effects is somewhat
uncertain because of uncertainties in water vapor and
aerosol profiles and their spatial and temporal vari-
ability and in the accuracy of the ISCCP retrievals.
Nevertheless, we believe that these calculations do sug-
gest the importance of cloud-radiative effects on these
systems. However, a more important source of uncer-
tainty in determining the CS radiative effects is that
we have neglected the systematic diurnal and size-re-
lated variations of the CS cloud properties. As a test
of the importance of these variations, we computed
the CS radiative effect supposing that the CS devel-
opment stages occur at different hours of the day. In
this calculation we used the proportional area covered
and cloud properties of each development stage (Table
3), where the formative stage is equal to Cb; the mature
stage is the average CS composed of Cb, TAC, and
CAG; and the dissipative stage is CAC. The first test
used the life cycle suggested by Miller and Fritsch
(1991): formative stage in the afternoon, mature stage
during the late afternoon to early morning, and dissi-
pating stage in the morning. This cycle resembles the
land diurnal variations. The resulting CS radiative effect
at the top of the atmosphere for the ocean changes
from —5.4 (no diurnal cloud variation) to—2.1 W m™2
and for the land from —3.0 to +4.4 W m~2. Since the
mature stage occurs during the night ( principally a net
heating effect), CS with this life cycle might heat the
climate rather than cool it as usually supposed. Another
simulation supposes the occurrence of the formative
stage in early morning, the mature stage during the
daytime, and the dissipating stage at night, similar to
the ocean diurnal cycle. The results show an increase
in the cooling effect for the ocean to —7.9 W m™2 and
for the land to —6.3 W m™2. We conclude that the
determination of the actual net radiative effect of trop-
ical CS requires not only more accurate determination
of the cloud properties but also more attention to and
better treatment of the variations of their properties
with size and time of day and the phasing of their life
cycle with respect to the diurnal cycle of solar irradiance
and surface temperatures.

6. Summary

We summarize our main findings.

1) The most important features of the geographic
distribution of tropical CS are that they occur more
frequently over land than ocean and that there are not

MACHADO AND ROSSOW

3257

large differences in the geographic distribution of CS
with size. The first feature also means that as the locus
of vigorous convection shifts hemisphere with the sea-
sons there is a seasonal hemispheric asymmetry of the
amount of CS associated with the different ratios of
land and ocean area in the two hemispheres. The high-
est concentration of CS occurs over South America,
while the largest area covered by CS is in the western
Pacific. These basic features can also be identified in
the combined results of Velasco and Fritsch (1987)
and Miller and Fritsch (1991).

2) The shape of the CS size distribution is similar
over the whole tropics except for a small systematic
land-ocean difference. Explanation of the formation
of the larger (scale greater than 200 km) convective
systems from the initial small-scale (<20 km) convec-
tive disturbances must account for this size distribution.
The small enhancement of the frequency of larger CS
during the one El Nifio we examined is similar in mag-
nitude to the interannual variability. On land, the
smallest CS occur somewhat more frequently and the
largest CS occur somewhat less frequently than over
oceans. These size distribution differences, together
with larger diurnal variations of convection over land,
suggest that the evolution time scales for land CS may
be shorter than over ocean.

3) The average cloud properties of CS suggest a di-
vision into a part (about 20% ) representing active con-
vection and a part (about 80%) representing the me-
soscale stratiform anvil clouds. The convective clouds
have cloud-top pressures about 50 mb lower and optical
thicknesses about six times larger than the mesoscale
anvil clouds. Since the vertical extent of the convective
cloud is only about twice that of the anvil cloud, the
water content of the convective cloud must be about
three times larger than that of the anvil cloud. About
one-third of the anvil cloud area is composed of clouds
that are about three to four times optically thicker than
the remainder of the anvil clouds; these thicker clouds
may be associated with the (stratiform) precipitating
portion of the mesoscale anvil clouds. The fraction of
the cloud area occupied by convective clouds is nearly
constant over all sizes of CS. The convective cloud-top
pressure decreases with increasing system size, while
the anvil optical thickness increases with increasing
system size. The convective cloud optical thickness and
the anvil cloud-top pressure vary little with system size.
All of the cloud property variations with convective
system size are correlated, consistent with other ob-
servations of correlations between convective updraft
strength and CS vertical extent and horizontal size.

4) The variations of average cloud properties,
structure, Cb fraction, and probability of Cb occurrence
with the size of the CS suggest a classification into “life
stages.” The larger CS, where the fraction of Cb is nearly
constant, appear to be similar in character to the
“maximum extent” stage identified by others as the
mature CS stage. The smaller CS appear to comprise
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systems containing convection with little anvil cloud
or systems with anvil cloud but no convection. These
two types can be identified as the formative and dis-
sipating stages, respectively. Some larger CS without
Cb also occur. This interpretation, together with the
correlations of updraft and CS extent observed by
others and the correlations of cloud properties with
CS size that we have found suggest that the magnitude
of the convective updraft and mass (and water) flux
at the base of the Cb may determine the average ver-
tical and horizontal extent and mean cloud properties
of all CS.

5) The local radiative effect (daily mean) of the CS
clouds is generally a positive change in atmospheric
net fluxes (decrease in cooling), which reinforces the
latent heating of the system. The profile of the radiative
heating and cooling shows that radiation destabilizes
the whole anvil cloud layer, destabilizes the convection
near its top, and stabilizes the convection near its base
at the planetary boundary layer top. The magnitudes
of the radiative heating-cooling rates are large enough
that they may play a significant role in the dynamical
development of the mesoscale CS. In particular, over
land, the destabilization of the anvil cloud may help
sustain CS during the nighttime when their convective
source of energy is reduced, whereas the stabilization
of the PBL top may amplify the diurnal cycle of con-
vection. Most analyses of the energy and water budgets
of these systems have used approximate daily mean or
composited life stage observations; more attention to
the diurnal and size variations of the convective and
radiative contributions is needed to understand the de-
velopment of these systems.

6) The radiative effects of the mesoscale anvil cloud
dominate the total effect of CS; hence, their properties
and changes, which may be under the direct control
of the convection, are more important to determining
the radiative effect of tropical cloudiness on climate.
If we hold the average CS cloud properties constant
over the diurnal cycle, their overall radiative effect is
nearly zero (slight cooling) at the top of the atmosphere,
a somewhat larger cooling at the surface, and a net
heating of the atmosphere. However, the actual radia-
tive effect is dependent on the diurnal variation of the
CS cloud properties and the correlation of the life cycle
of CS with the diurnal cycle because of systematic vari-
ations of cloud properties with system size. Moreover,
the small changes in net flux depend on the surface
and atmospheric properties as well. All of these factors
make determination of radiative feedbacks very diffi-
cult, since even a change of geographic location or
diurnal phase without a change of mean cloud prop-
erties could produce a significant feedback. Moreover,
it is only the area-averaged effects that are so small; the
local radiative effects produce heating—cooling gra-
dients that may influence atmospheric motions. The
important point of all these conclusions is that the cli-
matic importance of the radiative effects of convective
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clouds may be realized more through their effect on
tropical (and global) atmospheric dynamics than
through their direct effect on the planetary radiation
balance.

This work represents an early attempt to survey the
physical properties and structure of the clouds in trop-
ical convective systems from satellite observations;
many of our findings only suggest the interpretations
we have presented. We need to extend this analysis to
more data to improve statistical significance, to include
classifications based on the internal structure of the
CS, to track individual systems to determine their evo-
lution, and to combine satellite measurements with
other atmospheric measurements ( particularly surface
radar and passive microwave measurements) for a
more complete diagnosis. Two key opportunities for
this type of analysis, extending the technique of Tol-
lerud and Esbensen (1985), are presented by the Trop-
ical Ocean-Global Atmosphere Coupled Ocean-At-
mosphere Response Experiment (TOGA COARE) and
the planned GEWEX (Global Energy and Water Cycle
Experiment) Continental-Scale International Project.
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